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Fully grown starfish oocytes are arrested at prophase of meiosis I. The hormonal stimulation of 1-methyladenine (1-MA)
induces meiosis reinitiation and germinal vesicle breakdown (GVBD). Optimal development occurs when maturing oocytes
are fertilized between GVBD and first polar body emission. In the absence of sperm, oocytes complete both meiotic
divisions to yield haploid interphase-arrested eggs. We now report that spontaneous and synchronous activation of caspase-3
in starfish eggs occurs 9–12 h after 1-MA stimulation. Then, caspase-dependent membrane blebbing and egg fragmentation
occur, indicating that mature eggs undergo apoptosis if not fertilized. Activation of caspase-3 and induction of apoptosis are
blocked both by a MEK inhibitor and by emetine treatment which inhibits MEK kinase (Mos) synthesis. Conversely, when
recombinant GST-Mos is injected into the emetine-treated eggs, apoptosis is induced. These results indicate that persistent
activation of the Mos/MEK/MAP kinase cascade gives the death-activating signal in starfish eggs. Fertilization inactivates
the MAP kinase pathway and suppresses apoptosis, followed by normal development. © 2001 Academic Press























Removal of unnecessary or damaged cells through apo-
ptosis is crucial to the normal development and the health
of multicellular organisms. Occurrence of apoptosis is regu-
lated by extracellular death-activating signals, such as cy-
tokines, adhesion molecules, or molecules on the surface of
other cells. While apoptotic signaling pathways seem to
differ between cell types, there are only a few cases where
the mechanism is known. For example, killer lymphocytes
produce Fas ligand that binds to Fas (a kind of death
receptor) on the surface of the target cell, causing the
receptors to aggregate. Then, an adapter protein binds to the
clustered Fas and recruits procaspase-8 into aggregates and
the clustered procaspase molecules cleave and activate each
other. Finally, effectors or executioner caspases, including
caspase-3, are activated by the initiator caspase-8.
Caspase-3 cleaves a large number of proteins within the
cell, causing a set of cellular changes, such as membrane
blebbing, chromatin condensation, DNA cleavage, and the
formation of membrane-bound cell fragments called apo-
ptotic bodies (reviewed by Chang and Yang, 2000; Mills et
1 To whom correspondence should be addressed. Fax: 181-3-
d978-5369. E-mail: kchiba@cc.ocha.ac.jp.
18l., 1999). Also, active caspase-8 cleaves Bid, a proapoptotic
ember of the Bcl-2 family. Then, an active fragment of Bid
ranslocates to mitochondria and causes cytochrome c
elease, which induces the oligomerization of Apaf-1, re-
ruiting and activating procaspase-9. The active caspase-9
hen recruits and activates procaspase-3. Similarly, various
orms of stress are transduced to mitochondria by the action
f proapoptotic members of the Bcl-2 family such as Bid
reviewed by Nagata, 1997; Vaux and Korsmeyer, 1999).
Apoptosis is not only induced by the death-activating
ignals but also by the insufficient death-suppressing sig-
als given by soluble growth factors. A combination of both
eath-suppressing and death-activating signals probably de-
ermines which cells survive and which die, although it
emains to be understood how the balance is maintained
reviewed by Jacobson et al., 1997). For example, with-
rawal of nerve growth factor induces inhibition of MAP
inase (ERK) and causes apoptosis of rat PC-12 cells (Xia et
l., 1995). Thus, nerve growth factor acts as a death-
uppressing signal. Also, using MAP kinase kinase kinase
B-raf) knock-out mice, the MAP kinase (ERK) pathway is
emonstrated to be involved in protection of maturing
ndothelial cells from apoptosis (Wojnowski et al., 1997).
hus, MAP kinase is a key mediator of growth factor-
ependent cell proliferation and/or the death-suppressing
0012-1606/01 $35.00
Copyright © 2001 by Academic Press



























































19Apoptosis of Starfish Eggssignal in these cells (reviewed by Widmann et al., 1999).
Growth factors also prevent apoptosis by stimulation of
phosphatidylinositol 3-kinase (PI3-kinase), which leads to
activation of the protein kinase Akt (reviewed by Datta et
l., 1999). Akt directly links growth factor signaling to the
entral pathways controlling apoptosis by phosphorylating
he proapoptotic Bcl-2 family member BAD. This decreases
he binding of BAD to the antiapoptotic Bcl-2 family
rotein Bcl-xL at the mitochondrial membrane. It is specu-
ated that the decrease in the binding of BAD to the Bcl-xL
nhibits apoptosis by maintaining Bcl-xL function and pre-
enting cytochrome c release from mitochondria.
Apoptosis is a widespread event in oogenesis (reviewed by
atova and Cooley, 2001). For example, in the nematode
aenorhabditis elegans, over one-half of the hermaphrodite
erm cells in adult gonad are eliminated through apoptosis,
hen they are about to exit the pachytene stage of meiotic
rophase I. Since the oocytes of mutants in the ras/MAP
inase pathway fail to exit the pachytene stage of meiosis I
nd fail to die, the ras/MAP kinase pathway might directly
egulate the cell death machinery, or might indirectly affect
erm cell apoptosis by promoting the progression of
achytene stage cells, which are resistant to apoptosis, to a
ater differentiation stage that is more sensitive to pro-
poptotic signals (Gumienny et al., 1999). In Drosophila
ogenesis, germ cell death occurs at the beginning of yolk
ptake by the oocyte. The number of germ cell deaths is
mall in young well-fed females, but increases in aging flies
ith limited metabolic capacity (Giorgi and Deri, 1976). In
ammals, over two-thirds of the potential germ cell pool
oogonia and oocytes) is lost through apoptosis by the time
f birth (reviewed by Morita and Tilly, 1999), and more than
9% of the postnatal oocytes, which are not ovulated, also
ndergo apoptosis. Moreover, unfertilized aged murine oo-
ytes cultured in vitro spontaneously undergo apoptosis
(Perez et al., 1999b; Takase et al., 1995). Although morpho-
logical changes during mammalian oocyte death are well
studied, very little is known of the molecular mechanisms
responsible for initiating or executing oocyte apoptosis.
Fully grown starfish oocytes are arrested at prophase of
meiosis I. Meiosis is reinitiated by 1-methyladenine (1-MA)
which is released from surrounding follicle cells (Kanatani
et al., 1969). The receptor of 1-MA on the plasma mem-
brane couples to the heterotrimeric G protein (Chiba et al.,
1992; Shilling et al., 1989; Tadenuma et al., 1991, 1992).
The hormonal stimulation of 1-MA dissociates G protein
bg subunit from G protein a subunit, and the dissociated G
rotein bg subunit activates PI3-kinase, which results in
he formation of MPF, inducing germinal vesicle break-
own (GVBD) (Chiba et al., 1993; Jaffe et al., 1993; Nakano
et al., 1999; Sadler and Ruderman, 1998; also see Chiba,
2000). Oocytes develop the ability to respond to sperm after
GVBD (Chiba and Hoshi, 1989; Chiba et al., 1990). In the
absence of sperm, oocytes complete both meiotic divisions
to yield haploid G1 phase-arrested eggs. Entry into S-phase
is blocked by MAP kinase activity in the starfish eggs
(Tachibana et al., 1997), while it stimulates proliferation of
Copyright © 2001 by Academic Press. All rightomatic cells without preventing DNA synthesis. MAP
inase in starfish oocytes is activated after GVBD by a
ewly synthesized starfish homolog of Mos functioning as a
AP kinase kinase kinase (MEK kinase) (Tachibana et al.,
000). MAP kinase activity is maintained even after mei-
tic divisions unless fertilization occurs. Fertilization trig-
ers a disappearance of Mos and a decrease in MAP kinase
ctivity, which initiates DNA synthesis and embryonic
evelopment. When fertilization occurs during meiosis,
AP kinase activity decreases after the second polar body
ormation (Tachibana et al., 1997).
In this study, we found that mature eggs of starfish
pontaneously and synchronously underwent apoptosis
bout 10 h after 1-MA treatment, while immature oocytes
ould live more than 1 week in seawater. Apoptosis was
nduced by persistent activation of the Mos/MEK/MAP
inase cascade in unfertilized eggs. Thus, the MAP kinase
athway gives a death-activating signal in starfish eggs,
hich is different from the usual case of somatic cells.
ertilization inactivates the MAP kinase pathway, sup-
resses apoptosis, and is followed by normal development.
hus, fertilization gives the death-suppressing as well as
urvival signal. Although physiological roles of the apopto-
is remain to be studied, eggs may undergo apoptosis and
hen may be degraded and absorbed, when maturation
ccurs accidentally in the ovary without spawning.
MATERIALS AND METHODS
Materials
Cytochalasin B (Sigma Chemical Co., St. Louis, MO), 5 mg/ml,
was dissolved in dimethyl sulfoxide (DMSO). PD98059 (Calbio-
chem, La Jolla, CA) and U0126 (Promega, Madison, WI) were
dissolved in DMSO at a concentration of 10 mM. Emetine (100
mM), purchased from Wako Pure Chemical (Osaka, Japan), was
dissolved in distilled water. These solutions were stored at 220°C.
Animal Maintenance, Gamete Collection,
and Culture
Starfish Asterina pectinifera were collected on the Pacific coast
of Honshu Island, Japan and kept in laboratory aquaria supplied
with circulating seawater at 15–17°C. To remove follicle cells,
isolated ovaries were incubated in ice-cold Ca21-free seawater
(CFSW), and released oocytes were washed twice with CFSW.
Defolliculated oocytes were stored in artificial seawater (ASW) at
20°C. Oocyte maturation was induced by the addition of 1 mM
1-MA. After 100% GVBD, 1-MA was washed out of the culture.
Sperm were obtained “dry” by cutting the testes and kept on ice.
Before fertilization, sperm were diluted 1:100,000–1:200,000 in
ASW.
Visualization of Nuclear Chromatin
Eggs were fixed in ice-cold methanol-acetic acid (3:1, v/v) for 30
min and washed three times with PBS. Then, they were incubated
with 25 ng/ml DAPI in PBS for 30 min, washed twice with PBS, and
examined by fluorescence microscopy (Zeiss, Axioskop).
s of reproduction in any form reserved.
oenta
after
20 Sasaki and ChibaVisualization of F-Actin
Eggs were fixed in ice-cold 3.8% formaldehyde for 1 h and
washed three times with phosphate-buffer saline (PBS) containing
0.1% Triton X-100 (PBST). Then, they were incubated with 5 U/ml
rhodamine phalloidin (Molecular Probes, Eugene, OR) in PBST for
20 min in the dark, rinsed twice with PBS, and viewed on a Leica
TCS-NT confocal microscope.
Measurement of DEVD-MCA Cleavage Activity
Eggs were collected by centrifugation at 1800g for 2 min at 4°C. The
eggs were resuspended in ice-cold buffer A (100 mM Hepes–NaOH,
FIG. 1. Time course of starfish egg death after 1-MA treatment. To r
f 1 mM 1-MA. After 100% GVBD, 1-MA was washed out of the cu
observed with a light microscope equipped with Nomarski different
times after 1-MA treatment. (A) Mature egg with female pronucleus,
10 h 11 min, respectively; (F) resting egg, 10 h 48 min; (G–J) cell fragm
mm. (K) The percentage of blebbing or fragmented eggs was countedpH 7.5, 10 mM dithiothreitol; 0.05 ml per egg) and homogenized on
Copyright © 2001 by Academic Press. All rightice. Egg homogenates were spun at 14,000g for 15 min at 4°C to obtain
cytosolic extracts. Proteolytic reactions were carried out in buffer A,
containing 50 ml of cytosolic extracts and 10 mM acetyl-Asp-Glu-
Val-Asp-(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA; Peptide In-
stitute, Inc., Osaka, Japan) at 20°C. The fluorogenic product substrate
7-amino-4-methylcoumarin (AMC) was detected by excitation at 380
nm and emission at 460 nm with a fluorescence spectrophotometer
(650-10 S; Hitachi, Japan), and the initial velocity of hydrolysis of the
substrate by DEVDase was measured.
SDS–PAGE and Western Blotting
Eggs were pelleted by brief centrifugation to remove seawater.
ate meiosis, oocytes of A. pectinifera were stimulated by the addition
Eggs were incubated in ASW at 20°C. Morphological changes were
terference contrast optics. Photographs were taken at the indicated
8 min; (B–E) blebbing eggs, 9 h 01 min, 9 h 53 min, 10 h 05 min, and
tion, 11 h 10 min, 12 h, 13 h, and 20 h 03 min, respectively. Bar, 50
1-MA treatment. Each symbol represents the results from 100 eggs.einiti
lture.
ial in
8 h 0The egg pellet was resuspended in SDS–sample buffer at 0.33 ml per














21Apoptosis of Starfish Eggsegg, heated to 95–100°C for 5 min, and subjected to gel electro-
phoresis. Typically, 10 ml of each sample (containing 30 eggs) was
un on a 12.5% polyacrylamide gel. Proteins were transferred to a
VDF transfer membrane (Immobilon-P; Millipore Corp., Bedford,
A). The membrane was blocked with PBS containing 5% skim
ilk and incubated with a 1:500 dilution of a polyclonal antibody
aised against rat ERK1 (Seikagaku Corp., Tokyo, Japan) for 45 min.
fter washing with PBS containing 0.05% Tween 20 (v/v), the
embrane was incubated with a horseradish peroxidase-
onjugated goat anti-rabbit antibody at a dilution of 1:1000 for 45
in and then washed again. Bound antibody was detected by using
n ECL Western blotting analysis system (Amersham Pharmacia
iotech, Inc., Arlington Heights, IL) and a LAS-1000 lumino image
nalyzer (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Microinjection
Microinjection into an egg and quantitation of injection volumes
were done according to the methods of Hiramoto (1974) and
Kishimoto (1986). Ac-DEVD-CHO (Peptide Institute, Inc., Osaka,
Japan) dissolved in DMSO at a concentration of 10 mM was diluted
with aspartate buffer (100 mM K1 aspartate, 20 mM Hepes, pH 7.2)
to make 2.5 mM Ac-DEVD-CHO solution for injection. GST-
starfish Mos (GST-Mos) and GST (0.5 mg/ml in Hepes buffer B,
containing 20 mM HEPES, pH 6.8, 88 mM NaCl, 7.5 mM MgCl2)
were gifts from Dr. K. Tachibana (Tokyo Institute of Technology).
The injection volume of Ac-DEVD-CHO solution was 3.2% of the
total egg volume, and GST-Mos or GST was 5%. Oocytes were held
between two coverslips separated by two pieces of double-stick
FIG. 2. Time course of morphological changes in nuclei. After 1-M
(3:1, v/v) at the indicated times and stained with DAPI. Morpholo
Photographs were taken 3 h (A), 4 h (B), 5.5 h (C), 6 h (D), 7 h (E),tape during microinjection and observation (Chiba et al., 1992).
Copyright © 2001 by Academic Press. All rightRESULTS
Unfertilized Mature Eggs of the Starfish A.
pectinifera Undergo Apoptotic-like Cell Death
Immature starfish oocytes were treated with 1-MA to
reinitiate meiotic maturation, and incubated in seawater at
20°C. In the absence of sperm, oocytes completed both
meiotic divisions to yield haploid interphase-arrested eggs
as shown in Fig. 1A. Membrane blebbing started 9 h after
1-MA treatment (Fig. 1B), and continued for an additional
90 min (Figs. 1B–1E). During this period, the female pro-
nucleus disappeared (Fig. 1D), and then blebbing stopped
(Fig. 1F). After 30 min of this resting period, cell fragmen-
tation occurred with the formation of sealed membrane
vesicles which looked like “apoptotic bodies” (Figs. 1G–1J).
These morphological changes (membrane blebbing and cell
fragmentation) are typical findings in cells undergoing apo-
ptosis (Kerr et al., 1972; reviewed by Mills et al., 1999).
These processes were well synchronized (Fig. 1K). Perform-
ing more than 25 independent experiments using different
animals, we found that synchronous blebbing always
started between 9 and 12 h after 1-MA treatment, while the
timing of the occurrence of blebbing depended on the
animals.
It is well known that nuclear chromatin is condensed in
apoptotic cells (Kerr et al., 1972). To determine whether
atment, mature eggs were fixed with ice-cold methanol-acetic acid
changes in nuclei were observed with a fluorescence microscope.
F), 10 h (G), and 13 h (H) after 1-MA treatment. Bar, 10 mm.A tre
gicalchromatin condensation occurred in starfish eggs, the chro-











22 Sasaki and Chibamatin was visualized by fluorescence microscopy after
DAPI staining. Nuclei initially contained chromatin
throughout the nucleus (Fig. 2A). The chromatin moved to
the nuclear margin 4 or 5.5 h after 1-MA treatment. Then,
a crescent-shaped patch along the nuclear envelope was
observed over the following 4 h (Figs. 2E–2G), and it further
condensed into a sphere, characteristic of apoptosis (Fig. 2H).
F-Actin Reorganization Regulates Membrane
Blebbing and Fragmentation during Mature
Egg Death
In various mammalian somatic cells such as HL-60 and
C3HA, F-actin is necessary for membrane blebbing and
eventual “apoptotic body” formation (Cotter et al., 1992;
reviewed by Mills et al., 1999), and F-actin is present at the
base of blebs during apoptosis (Laster and Mackenzie, 1996).
To determine whether F-actin is necessary for membrane
blebbing and fragmentation in starfish egg death, we exam-
ined the effects of the actin polymerization inhibitor, cy-
tochalasin B. After the completion of meiosis II, unfertil-
FIG. 3. Inhibition of blebbing and fragmentation by the actin
polymerization inhibitor cytochalasin B. Cytochalasin B (10 mM at
final concentration; A, C, and E) or an equivalent volume of the
vehicle DMSO (0.2%; B, D, and F) was added to the culture after the
completion of meiosis II (2 h after 1-MA treatment). Photographs
were taken 10 h (A and B), 12.5 h (C and D), and 14 h (E and F) after
1-MA treatment. Bar, 50 mm.ized mature eggs were treated with either 10 mM
Copyright © 2001 by Academic Press. All rightcytochalasin B or an equivalent volume of the vehicle,
DMSO. As shown in Fig. 3, bleb formation and fragmenta-
tion were blocked by cytochalasin B, although the surface of
eggs treated with cytochalasin B became coarse when
control eggs were fragmented (Fig. 3E). These results sug-
gest that actin polymerization and/or polymerized actin are
needed for blebbing and fragmentation.
Next, we detected F-actin using rhodamine phalloidin.
Before the onset of membrane blebbing, actin microfila-
ments were found mostly in cortical structures and in the
periphery of the nucleus (Fig. 4A). When blebbing started,
actin microfilaments at the periphery of the nucleus disap-
peared (Fig. 4B) and an accumulation of actin in the blebs
was observed (Fig. 4C). An optical zoom section at the
periphery of the fragments showed ring-like staining of
F-actin (Fig. 4I). These results suggest that actin reorgani-
zation leads to membrane blebbing, and that fragmentation
is likely to be regulated by actin microfilaments surround-
ing cortices of fragments.
Mature Egg Death Is Regulated by Caspase-3-like
Protease
To determine whether caspase-3 is involved in the star-
fish egg death, we measured the activity of caspase-3-like
protease by the cleavage of the peptide substrate Ac-DEVD-
MCA (Nicholson et al., 1995; Thornberry et al., 1997). Egg
omogenates were centrifuged and supernatants were used
or measuring DEVDase activity. Before the morphological
hanges, DEVDase activity was not detectable (Fig. 5A), but
hen membrane blebbing started, substrate cleavage activ-
ty increased greatly. These results indicate that, during the
xecution phase of mature egg death (membrane blebbing
nd fragmentation), a caspase-3-like protease is activated.
o determine whether caspase-3-like protease was involved
n the starfish egg death, caspase-3-specific inhibitor Ac-
EVD-CHO (Nicholson et al., 1995; Enari et al., 1996) was
microinjected into the cytoplasm of mature eggs. Figure 5B
shows that Ac-DEVD-CHO-injected eggs failed to undergo
membrane blebbing and fragmentation, and remained alive.
These results indicate that mature starfish egg death is
regulated by the activity of caspase-3. Since caspase 3 is the
key enzyme to execute apoptosis, we concluded that the
starfish egg death proceeds by a typical process of apoptosis.
Activation of the Mos/MEK/MAP Kinase Pathway
Is Essential for Mature Egg Apoptosis
Since isolated immature oocytes could stay alive in
seawater for more than 1 week (data not shown), the signal
transduction pathway leading to apoptosis is likely to be
inactive in immature oocytes. Also, apoptosis did not occur
when mature eggs were fertilized, indicating that apoptotic
processes are blocked after fertilization. Thus, it is likely
that the apoptosis inducer in mature eggs is activated or
synthesized after hormonal treatment, then inactivated or
degraded after fertilization. Since the Mos/MEK/MAP ki-


























23Apoptosis of Starfish Eggsnase pathway in starfish oocytes is activated after 1-MA
treatment and inactivated after fertilization (Picard et al.,
996; Tachibana et al., 1997), apoptosis may be regulated by
he activity of MAP kinase. To test this hypothesis, we
reated mature eggs with the specific MEK inhibitor U0126.
s expected, eggs treated with U0126 stayed alive without
lebbing and fragmentation (Fig. 6A). Similar results were
btained with PD98059, a structurally different MEK inhib-
tor (data not shown). Immunoblots using an anti-MAP
inase antibody confirmed that MAP kinase was signifi-
antly inactivated by U0126 or PD98059 (Fig. 6C).
In starfish eggs, MAP kinase activity depends on a con-
inuous synthesis of Mos (Tachibana et al., 2000). Emetine
FIG. 4. F-actin reorganization and blebbing. Mature eggs were fixe
nd then washed with PBST. F-actin was stained with rhodamine
right-field microscope (E–H). (A, E) Mature egg with female pron
ragmentation, 11 h. Bar, 100 mm. (I) An optical zoom section at tinhibits the synthesis of proteins, including Mos, resulting n
Copyright © 2001 by Academic Press. All rightn the inactivation of MAP kinase (Tachibana et al., 2000).
hen we treated eggs with emetine, apoptosis was com-
letely blocked (Fig. 6B), and the inhibition of MAP kinase
y emetine was confirmed by using immunoblots as shown
n Fig. 6C. These results support the hypothesis that acti-
ation of the Mos/MEK/MAP kinase pathway is essential
or starfish egg apoptosis.
MAP kinase activity is maintained even after meiotic
ivision (Tachibana et al., 1997; Sadler and Ruderman,
998; Fig. 6C), and control eggs in seawater (Fig. 6C) showed
hat inactivation occurred 8–10 h after 1-MA treatment.
ince blebbing of the eggs of this animal started ;9 h after
-MA treatment, it is likely that MAP kinase activity was
h 3.8% formaldehyde at the indicated times after 1-MA treatment,
loidin and examined under a confocal microscope (A–D, and I) or
s, 5 h; (B, F) blebbing egg, 9 h; (C, G) blebbing egg, 9.5 h; (D, H)
riphery of the fragments, 11.5 h. Bar, 25 mm.d wit
phalot needed at the execution phase of apoptosis. Persistent




24 Sasaki and Chibaactivation of MAP kinase for several hours may be required
for induction of apoptosis as shown in Fig. 7 (see below).
To determine whether activation of caspase-3-like pro-
tease was regulated by the Mos/MEK/MAP kinase pathway,
we assessed the effects of U0126, PD98059, or emetine on
the protease activity. Figure 6D shows that all of these
compounds blocked the activation of caspase-3-like pro-
tease. Thus, the Mos/MEK/MAP kinase pathway is likely
to be involved in cytosolic caspase activation.
Recombinant Mos Induces Apoptosis
If the block of apoptosis by emetine depends on the
FIG. 5. Activation of caspase-3-like protease in starfish eggs. (A)
The activity of caspase-3-like protease was measured by the cleav-
age of Ac-DEVD-MCA. At the indicated times after 1-MA treat-
ment, eggs were collected and assessed for the protease activity. (B)
The specific caspase-3 inhibitor Ac-DEVD-CHO or control buffer
was microinjected into the cytoplasm of mature eggs 10 h after
1-MA treatment (80 mM at a final concentration or 3.2% of egg
volume). Eggs that were not injected exhibited blebbing 10 h 30
min after 1-MA treatment. Photographs were taken at the indicated
times after 1-MA treatment. Arrow indicates female pronucleus;
arrowheads indicate oil drops made by microinjection. Bar, 50 mm.inhibition of endogenous Mos synthesis, apoptosis should
Copyright © 2001 by Academic Press. All righte induced by the microinjection of exogenous Mos even in
he presence of emetine. Indeed, when we injected recom-
inant GST-starfish Mos fusion protein (GST-Mos, 25
mg/ml final concentration) into the eggs pretreated with
emetine, MAP kinase in the injected eggs was activated,
and blebbing and fragmentation occurred (Figs. 7A and 7C).
These results indicate that apoptosis of unfertilized eggs is
induced by MAP kinase activation without new protein
synthesis other than Mos. Interestingly, blebbing occurred
10–11 h after 1-MA treatment, that is 8–9 h after the
injection of GST-Mos (Fig. 7B, Mos 2 h), suggesting that
persistent activation of the Mos/MEK/MAP kinase cascade
for several hours may be important for induction of apopto-
sis. Indeed, in control eggs without emetine treatment (Fig.
7B), blebbing occurred 10–11 h after 1-MA treatment,
indicating that high MAP kinase activity was maintained
for almost 9 h before the onset of blebbing since MAP
kinase activity increased 30 min after 1-MA treatment and
was maintained for several hours, while inactivation of
MAP kinase occurred immediately before the onset of
blebbing as shown in Fig. 6C. These results strongly support
the idea that the MAP kinase-dependent period for induc-
tion of apoptosis is as long as several hours. If this is the
case, the delay of the GST-Mos injection time should cause
delay of the timing of blebbing in the emetine-treated eggs.
The data shown in Fig. 7B support the hypothesis; when
GST-Mos was microinjected 6 h after 1-MA treatment (4 h
after emetine treatment), eggs underwent apoptosis 14–15 h
after 1-MA treatment. Activation of MAP kinase by Mos
injection was confirmed with Western blotting (Fig. 7C, b).
Similarly, when GST-Mos was microinjected 10 h after
1-MA treatment (8 h after emetine treatment), eggs under-
went apoptosis 16–17 h after 1-MA treatment.
When we injected GST-Mos into fertilized eggs during
the second meiotic cell cycle, cleavage and development
were blocked (Fig. 8; Tachibana et al., 2000), and fragmen-
tation finally occurred within 13 h after 1-MA treatment
(n 5 13). As a control, injection of GST alone had no effect
on development (Fig. 8). These results indicate that, even
after fertilization, the eggs retain an ability for induction of
apoptosis regulated by the Mos/MEK/MAP kinase cascade
and apoptosis of zygotes may be blocked by inactivation of
MAP kinase. Thus, fertilization-dependent inactivation of
MAP kinase gives a death-suppressing or survival signal in
starfish eggs.
DISCUSSION
In this study, we found that starfish eggs showed sponta-
neous and synchronous changes characteristic of apoptosis,
including activation of caspase-3, membrane blebbing,
chromatin condensation, and formation of apoptotic bodies.
Blebbing and fragmentation were dependent on the activity
of caspase-3, as has been reported in other apoptotic cells
(reviewed by Mills et al., 1999). Interestingly, activation of
the caspase-3 was blocked by a MEK inhibitor, suggesting





























treatment), eggs were treated with 100 mM emetine, 100 mM
25Apoptosis of Starfish Eggs
Copyright © 2001 by Academic Press. All rightthat the apoptosis was positively regulated by the MAP
kinase pathway. In starfish eggs, MEK is activated after
GVBD by newly synthesized Mos, and fertilization causes a
disappearance of Mos in eggs, followed by inactivation of
the MEK/MAP kinase cascade (Tachibana et al., 2000).
hus, it is likely that the disappearance of Mos by fertili-
ation caused suppression of apoptosis. Indeed, a block of
poptosis was induced by emetine treatment which inhib-
ted Mos synthesis, and the recombinant GST-Mos injec-
ion into emetine-treated eggs induced apoptosis. More-
ver, fertilized eggs underwent apoptosis when they were
njected with the GST-Mos. These results indicate that the
os/MEK/MAP kinase cascade gives the death-activating
ignal in starfish eggs, although the MAP kinase (ERK)
athway is usually involved in a suppression of apoptosis in
ammalian somatic cells. Similarly, involvement of MAP
inase in cell proliferation or DNA synthesis is positive in
ammalian somatic cells but negative in starfish eggs
Tachibana et al., 1997). Thus, MAP kinase in starfish eggs
as the opposite effects to those in mammalian somatic
ells. Since DNA synthesis of Xenopus oocytes is also
locked by the Mos protein (Furuno et al., 1994), the
pposite effects of MAP kinase may not be a difference
etween mammals (or vertebrates in general) and echino-
erms per se but rather a difference between somatic cells
nd oocytes. The molecular mechanisms of such differ-
nces are unknown.
Several distinct MAP kinases such as p38 MAP kinase
nd c-Jun N-terminal protein kinase (JNK)/stress-activated
rotein kinase (SAPK) are known to be involved in the
nduction of apoptosis (reviewed by Cross et al., 2000).
Starfish apoptosis in this study, however, is not likely to be
induced by these MAP kinases, since inhibitors of starfish
apoptosis (U0126 and PD98059) are very selective towards
the ERK pathway (DeSilva et al., 1998). Moreover, an
antibody used in this study is specific to ERK. Thus, we
conclude that starfish egg apoptosis is induced by the ERK
pathway.
U0126, or 50 mM PD98059. Samples from eggs were taken at the
indicated times (h) after 1-MA treatment. Also, samples from
oocytes without any treatment (GV) or from oocytes 20 min after
1-MA treatment (GVBD) were taken. Proteins from each sample
were resolved by using 12.5% SDS–PAGE and analyzed by Western
blots probed with an antibody against MAP kinase (ERK1). Activa-
tion of MAP kinase is evident by the shift in the mobility of the
bands, since active MAP kinase is dually phosphorylated. Arrows
and arrowheads indicate active and inactive forms of MAP kinase,
respectively. (D) Activation of caspase-3-like protease was inhib-
ited in the eggs treated with U0126, PD98059, or emetine. After the
completion of meiosis II (2 h after 1-MA treatment), eggs were
treated with 50 mM PD98059 (open squares), 100 mM emetine
(filled circles), 100 mM U0126 (open diamonds) or 1% DMSO (open
circles; control). Samples from eggs were taken at the indicated
times after 1-MA treatment and assessed for Ac-DEVD-MCAFIG. 6. Effects of MAP kinase inactivation on starfish egg death.
(A) The specific MEK inhibitor U0126 blocked apoptosis induction.
After the completion of meiosis II (2 h after 1-MA treatment), eggs
were treated with 100 mM U0126 (a) or 1% DMSO (b, control).Pho-
ographs were taken 12.5 h after 1-MA treatment. Bar, 50 mm. (B)
Emetine blocked apoptosis induction. Mature eggs were treated
with emetine to inhibit the synthesis of Mos and inactivate MAP
kinase. After the completion of meiosis II (2 h after 1-MA treat-
ment), eggs were treated with (a) or without (b) 100 mM emetine.
Photographs were taken 12.5 h after 1-MA treatment. Bar, 50 mm.
C) Activation of MAP kinase was inhibited by emetine, U0126, or
D98059. After the completion of meiosis II (2 h after 1-MAhydrolysis activity.
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Copyright © 2001 by Academic Press. All rightFertilization inactivates the MAP kinase pathway in
starfish eggs, followed by the suppression of apoptosis and
occurrence of normal development. Thus, fertilization
gives the death-suppressing signal in starfish. Activation of
MAP kinase is induced by the hormonal stimulation of
1-MA. Without 1-MA, immature oocytes can live for more
than 1 week in seawater. Thus, to our surprise, 1-MA
apparently plays a role for giving the death-activating sig-
nal. Why should the initial destination in starfish oocyte
maturation be death? It is possible that the death occurs in
the ovary when oocytes reinitiate meiosis without spawn-
ing. Indeed, we sometimes found mature eggs and egg
fragments like apoptotic bodies in the ovary at the end of
the breeding season (data not shown). It is likely that these
fragments are absorbed. Similarly, it is known that matured
murine oocytes that are not ovulated are reabsorbed by
apoptotic cell death in oocyte atresia (Perez et al., 1999a;
reviewed by Morita and Tilly, 1999), and unfertilized aged
murine oocytes cultured in vitro spontaneously undergo
apoptosis (Perez et al., 1999b; Takase et al., 1995). In
ddition, it has been reported that Xenopus egg extracts
repared from eggs laid over 14 days after PMSG injection
ad apoptotic activity, and these apoptotic extracts serve as
n in vitro model for oocyte atresia (Newmeyer et al., 1994).
Oocytes and eggs of another echinoderm, the sea urchin,
also display functional apoptotic machinery (Voronina and
Wessel, personal communication).
Immediately before the onset of blebbing, inactivation of
MAP kinase occurred as shown in Fig. 6C. It has been
FIG. 8. Microinjection of the GST-starfish Mos fusion protein
into fertilized eggs. Apoptosis of fertilized eggs was induced by the
GST-starfish Mos fusion protein. Maturing eggs were inseminated
50 min after 1-MA treatment. GST-starfish Mos (a, c) or GST (b, d)
was microinjected into the fertilized eggs (25 mg/ml final concen-
ration) during the second meiotic division (50 min to 1 h 20 min
fter 1-MA treatment). Photographs were taken at the indicated
imes after 1-MA treatment. Arrow indicates nucleus; arrowheads
ndicate oil drops made by microinjection. Bar, 50 mm.FIG. 7. Microinjection of the GST-starfish Mos fusion protein into
emetine-treated eggs. Block of apoptosis in the emetine-treated eggs was
overcome by microinjection of GST-starfish Mos fusion protein causing
activation of MAP kinase. (A) After the completion of meiosis II (2 h after
1-MA treatment), eggs were treated with 100 mM emetine, and then
microinjected with GST-starfish Mos fusion protein (a, c) or GST (b, d) at
a final concentration of 25 mg/ml. Arrow indicates female pronucleus;
arrowheads indicate oil drops made by microinjection. Bar, 50 mm. (B)
fter the completion of meiosis II (2 h after 1-MA treatment), eggs were
reated with 100 mM emetine. Then, GST-starfish Mos fusion protein
as microinjected into the emetine-treated eggs 2 h (filled triangle), 6 h
open triangle), or 10 h (filled diamond) after 1-MA treatment. Control
ggs (open circle) without microinjection were incubated in normal
eawater. The percentage of apoptotic cells (as determined by blebbing
r fragmentation) was counted under a light microscope at the
ndicated times. Each symbol represents the results with 11 or more
ggs. (C) Inactivation of MAP kinase by emetine and activation by
ST-Mos injection were confirmed with Western blotting. After the
ompletion of meiosis II (2 h after 1-MA treatment), eggs were treated
ith 100 mM emetine. Then, the eggs were microinjected with
GST-starfish Mos fusion protein (25 mg/ml final concentration) 2 h (a)
r 6 h (b) after 1-MA treatment. Samples were taken at indicated times
min) after microinjection. Proteins from each sample were resolved
sing 12.5% SDS–PAGE and analyzed by Western blots probed with
n antibody against MAP kinase (ERK1). Control eggs without micro-
njection (2) were also examined. Arrow and arrowhead indicatereported that caspase-3-mediated cleavage and inactivation













27Apoptosis of Starfish Eggsof c-Raf (a MAP kinase kinase kinase) provides a shut-off of
the MAP kinase pathway in apoptotic Jurkat cells (Wid-
mann et al., 1998). In starfish eggs, Mos or its upstream
molecule may also be cleaved and inactivated by caspase-3
at the execution phase.
In starfish eggs, it is likely that MAP kinase directly
regulates the apoptotic machinery, presumably via phos-
phorylation, without protein synthesis other than Mos.
Using mammalian somatic cells, Bonni et al. (1999) have
revealed that the MAP kinase-activated kinases, the Rsks,
catalyzed the phosphorylation of the pro-apoptotic protein
BAD at serine 112. BAD is known to influence mitochon-
drial membrane integrity and release cytochrome c from
mitochondria indirectly, by associating with Bcl-2 and
Bcl-xL and inhibiting their anti-apoptotic function (re-
viewed by Tsujimoto and Shimizu, 2000). This phosphory-
lation of BAD suppressed release of cytochrome c, acting
together with Apaf-1 to activate initiator caspase-9. Al-
though MAP kinase in starfish eggs has the opposite effects
to those in mammalian somatic cells, starfish Rsks still
may be involved in the induction of apoptosis.
Further studies should continue to elucidate the down-
stream pathway of MAP kinase in starfish eggs to deter-
mine the mechanism of caspase-3 activation.
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